Background: This study aimed to assess functional and structural brain connectivity in adult childhood leukemia survivors and the link with cognitive functioning and previously identified risk factors such as intrathecal methotrexate dose and age at start of therapy. Methods: Thirty-one nonirradiated adult childhood leukemia survivors and 35 controls underwent cognitive testing and multimodal magnetic resonance imaging (resting state functional MRI, T1-weighted, diffusion-weighted, and myelin water imaging [MWI]). Analyses included dual regression, voxel-based morphometry, advanced diffusion, and MWI modeling techniques besides stepwise discriminant function analysis to identify the most affected executive cognitive domain. Correlations with discrete intrathecal MTX doses and (semi)continuous variables were calculated using Spearman's rank and Pearson's correlation, respectively. All correlation tests were two-sided. Positive and negative T-contrasts in functional and structural MRI analysis were one-sided. Results: Survivors demonstrated lower functional connectivity between the default mode network (DMN) and inferior temporal gyrus (ITG; P < .008). Additionally, we observed higher fractional anisotropy (FA; P ¼ .04) and lower orientation dispersion index (ODI; P ¼ .008) at the left centrum semiovale, which could-given that several fiber bundles cross this region-suggest selective reduced integrity of the respective white matter tracts. Set shifting reaction time, a measure of cognitive flexibility, was mostly impaired and correlated with lower FA (r ¼ -0.53, P ¼ .003) and higher ODI (r ¼ 0.40, P ¼ .04) in survivors but not with DMN-ITG connectivity. There were no statistically significant differences between survivors and controls in WM or GM volume, nor was there a statistically significant correlation between imaging measurements and age at start of therapy or intrathecal methotrexate dose. Conclusions: Adult, nonirradiated childhood leukemia survivors show altered brain connectivity, which is linked with cognitive flexibility.
molecules, directed by axonal membranes and modulated by the myelin sheath (33) . Building on dMRI data, the diffusion tensor imaging (DTI) (34, 35) model quantifies mean diffusivity (MD) and fractional anisotropy (FA). Because intact white matter exhibits highly directional diffusion, decreased FA may indicate injury to a particular tract (36) . Previous studies in childhood leukemia survivors have, however, reported inconsistent findings with regard to FA measures. Some authors confirmed statistically significantly reduced FA in nonirradiated childhood leukemia survivors (5, 27, 30) , whereas others did not (9, 26, 37) or reported even increased FA (38) . Admittedly, some assumptions of the DTI model could be inadequate for biological tissue. Different time points after treatment also obscure the DTI parameters, which complicates comparisons between studies. Furthermore, dMRI might not be sensitive enough to detect the more subtle effects of chemotherapy compared with cranial irradiation.
Hence, advanced dMRI models may clarify the aforementioned conflicting findings. One such model is diffusion kurtosis imaging (DKI), which quantifies non-Gaussian diffusion, believed to reflect tissue compartmentalization (39, 40) . More recently, neurite orientation dispersion and density imaging (NODDI) (41) was developed, an approach modeling the contribution of cerebrospinal fluid (Fiso), axonal vs extra-axonal tissue fraction (Vic) to the diffusion signal. It also models the axonal orientation dispersion index (ODI), which is inversely related to FA. Given its pivotal role in signal transmission and protection of fiber bundles, recent techniques focus on myelin content. One such technique is myelin water imaging (MWI), estimating the myelin water fraction (MWF), a potential marker for myelin content (42) .
Although demonstrating promising results in several neurological conditions (43, 44) , none of these listed techniques have been implemented yet in the study of chemotherapy-induced brain damage in childhood leukemia survivors. Besides potentially altered structural brain connectivity, little is known about the effect of chemotherapeutics on functional brain connectivity in acute lymphoblastic leukemia (ALL) survivors. Typically, functional connectivity can be studied by using resting state functional MRI (rsfMRI). This technique registers spontaneous blood oxygenation level-dependent (BOLD) signal fluctuations across the brain. Regions that show synchronized BOLD amplitude fluctuations in the absence of an explicit task (45) (46) (47) are assumed to constitute functionally linked "resting state networks" (48) (49) (50) (51) . Given the evidence for executive impairments in childhood leukemia survivors, two functional networks are of particular interest, the default mode network (DMN) and the frontoparietal network (FPN; also referred to as central executive network). The DMN comprises the precuneus, posterior cingulate, medial frontal, middle temporal, and lateral parietal regions (48, 49, 52, 53) . The FPN entails the lateral prefrontal cortex, anterior cingulate cortex, inferior parietal lobule, and superior temporal region. It is presumed to play an important role in attention control and set shifting and is highly interconnected with the DMN (53) (54) (55) (56) . Although several studies have investigated functional connectivity in adult breast cancer patients (57) (58) (59) (60) , connectivity in child survivors of leukemia was assessed in only one study so far. Specifically, Kesler et al. reported diffuse altered brain connectivity compared with healthy controls, which was related to lower efficiency and slower information processing (61) .
Given that previous studies reported mainly attentional and executive difficulties in survivors, the aim of our study was to determine the most vulnerable brain regions for potential neurotoxicity in leukemia survivors. To investigate this in detail, the entire brain was investigated using multiple modalities. Our hypotheses were as follows: 1) altered functional brain connectivity in attention-related networks in survivors (investigated using rsfMRI), 2) structural gray and white matter brain changes (using VBM, dMRI, and MWI), and 3) the prediction of cognitive performance based on statistically significantly altered regions (ie, as the result of the neuroimaging analyses of the rsfMRI, VBM, dMRI, or MWI measurements), previously identified risk factors such as intrathecal dose of methotrexate (32, 62, 63) , and age at start of therapy (2, 11, 15, 21, 64, 65) . , TE/TR ¼ 33 ms/1700 ms; FOV ¼ 230Â120Â230 mm; 4 mm slice thickness, 30 slices were assembled in seven minutes), with whole-cerebrum coverage. Two-hundred fifty dynamics of rsfMRI were acquired. Participants were instructed to lay still, close their eyes, and feel at ease, but not to sleep.
Methods

Participants
Image data of one control participants were excluded due to technical problems during the storage process. See Supplementary Table 3 (available online) for image acquisition details.
Image Preprocessing
Please see the Supplementary Materials (available online) for details. After preprocessing and quality control, the final sample sizes were 30 survivors/33 controls for dMRI analysis, 29 survivors/32 controls for MWI analysis, 31 survivors/34 controls for VBM, and 28 survivors/33 controls for rsfMRI.
Neuropsychological Assessment
Neuropsychological assessments, including the Amsterdam Neuropsychological Test battery (ANT) (70, 71) , were performed (for a detailed description, see [65] and Supplementary Table 4 , available online). In this study, we focused on the ANT, given the existing evidence for specific executive impairments in childhood cancer survivors (1) (2) (3) 15) .
Statistical Analysis
For dMRI and MWI data, statistical analyses were performed voxelwise with the Statistical Parametric Mapping toolbox (SPM), using univariate t tests with group, age, and socioeconomic status (SES) as covariates. The contrasts survivors > controls and controls > survivors were thresholded at a P value of less than .001, uncorrected for multiple comparisons. Clusters with family-wise error-corrected P values of less than .05 (Random Field Theory as implemented in SPM) were deemed statistically significant. From clusters yielding statistically significant differences during imaging experiments, average metric values adjusted for age and SES were extracted.
The rsfMRI spatial maps obtained from dual regression were tested for differences between groups using FSL randomized nonparametric permutation testing. Similar to the structural analyses, given the multiple voxelwise tests for each component, the analysis was corrected for multiple comparisons across voxels by family-wise error rate (FWER) correction (permutation testing with 5000 permutations as implemented in FSL). Finally, an additional Bonferroni correction was applied, as six group comparisons of interest were performed ( Statistical analysis of performances on the ANT tasks included two-sided, one-way analysis of covariance (ANCOVA) with group (survivor vs control) as the independent factor and an index of parental socioeconomic status (69) as the covariate. Reaction times were transformed using a logarithmic transformation. Stepwise discriminant function analysis (DFA) was applied using the Wilks Lambda test to demonstrate which variable of executive functioning best distinguished survivors from controls.
Outcome measurements from dMRI, MWI, or fMRI significantly differing between survivors and controls were correlated with 1) the neurocognitive measurement best discriminating controls from survivors and 2) predictors of outcome, that is, age at start of therapy and total intrathecal dose of methotrexate. The statistical significance of these correlations was assessed using two-sided Pearson (ANT outcome measurements, age at start of therapy) or Spearman (total dose intrathecal methotrexate) correlation. All correlation tests were two-sided, with a statistical significance level a of .05.
Results
Functional Connectivity Data
After Bonferroni and multiple-voxel correction, dual regression analysis for the DMN resulted in a statistically significantly lower connectivity in survivors between the DMN and the inferior temporal gyrus (ITG; P <.008) (Figure 2 ). This region of the 
*Statistical analysis was based on two-sided, independent-sample t test. †Socio-economic index score was calculated by multiplying parental occupation scale value by a weight of 5 and parental education scale by 3, and then summing these products as described earlier (69 
Structural Connectivity Data
Voxel-based morphometry did not reveal statistically significant differences between survivors and controls in WM and GM volume. However, in a region covering the left centrum semiovale, survivors expressed higher FA than controls (210 voxels, peak T 59 ¼ 5.03, cluster P FWE ¼ .04) and lower ODI (165 voxels, peak T 59 ¼ 4.26, cluster P FWE ¼ .008). These clusters were largely overlapping and cover areas that are crossed by WM fibers from the superior longitudinal fasciculus (SLF), corticospinal tract (CST), and corpus callosum (CC), as illustrated in Figure 3 . A trend for similar changes was also found in the right
hemisphere, yet this did not reach statistical significance at cluster level. Other measures describing tissue microstructure (MD, MK, Vic, Fiso, MWF) did not reveal differences between both groups (all P FWE > .05).
Executive Functioning
Results of cognitive testing were published earlier (65) and revealed that processing speed of FA4L (Th1), MSL (Th1), SAD (Th; focused attention, divided attention, and sustained attention, respectively), set shifting and flexibility SSV (Tc1), and reaction times on working memory SSV (Th3-Th1) and cognitive flexibility SSV (Tc3-Tc1) differed statistically significantly between survivors and controls. DFA demonstrated that set shifting reaction time best discriminated controls from survivors (Wilks Lambda ¼ .87, chi-square (1) ¼ 6.89, P ¼ .009; data not shown). 
Correlation Between Executive Functioning and Connectivity Data
Higher reaction times on the flexibility task corresponded statistically significantly with lower FA (r ¼ -0.53, P ¼ .003) and higher ODI (r ¼ 0.40, P ¼ .04) in survivors, but not in controls (r ¼ -0.34, P ¼ .05; r ¼ 0.28, P ¼ .12, respectively). Lower RSFC index was not correlated with higher reaction time in survivors or in controls (r ¼ -0.08 and -0.08, P ¼ .92 and .69, respectively). For the entire participant group (ie, combination of survivors and controls), no statistically significant correlations between imaging and neurocognitive measurements were encountered. The results are depicted in Table 2 and Figure 4 . Finally, neither age at start of therapy nor total dose of intrathecal methotrexate was correlated with FA, ODI, or RSFC (all jrj < 0.27, P > .05).
Discussion
The present study uniquely combines neurocognitive data with structural and functional brain connectivity in nonirradiated ARTICLE childhood survivors on average 15 years after treatment. In these survivors, we report altered WM microstructure at the left centrum semiovale and reduced functional brain connectivity. In addition, measures describing WM microstructure are statistically significantly associated with cognitive performance. There were no differences between survivors and controls in WM or GM volume, or in FPN connectivity. Finally, we did not find a statistically significant correlation between age at start of therapy or intrathecal methotrexate dose and imaging measurements. Altered functional connectivity of the DMN was earlier reported after cancer treatment (57) (58) (59) 61) and confirms the hypothesis of the DMN as a potential marker for chemotherapyinduced brain injury (73) . In this study, a model-free (independent component) analysis was used, in contrast to the study of Kesler and colleagues (who used a seed-based analysis for 90 atlas-based regions). Using this analysis, connectivity between the DMN and other brain regions could be investigated globally. More specifically, the statistically significant difference in connectivity between the DMN and ITG in this study specifically could also suggest altered DMN-FPN (between-network) connectivity, as the ITG region is also part of the FPN. Reduced connectivity of the DMN with other brain areas can explain the observation that cognitive flexibility was mostly affected. Indeed, the DMN plays a pivotal role in allocating brain energy resources to relevant areas and thus in flexibly switching between attentional processes (74), although we could not correlate reaction times during a cognitive flexibility task with DMN-ITG connectivity.
Chemosensitivity of the WM has been reported extensively in vivo (5, 9, 30, 37, (75) (76) (77) and in vitro (78) . WM vulnerability might explain both the statistically significant dMRI and fMRI results. In this view, the study of Van den Heuvel et al. is of particular interest. They demonstrated that structural connections within resting state networks-such as the DMN-reflect the connectivity architecture of the brain. More specifically, CC and long associative fibers were identified to play a commending role in connecting the DMN with other brain areas (47) . Interestingly, we found altered dMRI measurements at the centrum semiovale, a region where the CST, CC, and SLF-a long associative tract-intercross. Admittedly, reduced WM integrity is most often linked to lower FA and higher ODI measurements. However, the centrum semiovale is a region of so-called crossing fibers. The multidirectional diffusion in such regions a priori leads to a low anisotropy at voxel level (36) . High FA and low ODI in the centrum semiovale of survivors can therefore be explained by the selective reduced integrity of one or more crossing fiber bundles, increasing overall anisotropy.
Based on our data, we cannot disentangle which bundle(s) is/are most affected, but neurobiological and developmental mechanisms suggest involvement of SLF and/or CC fibers. The sensitivity of these tracts to chemotherapy (5, 25, 27, 29, 36) vs the robustness of the CST (79) was indeed described earlier.
Retrogenesis -degeneration processes mirroring the order of acquisition in normal development-implies that the latest myelinated fiber tracts are more vulnerable to degeneration (23, 36, 80, 81) . This process might be explained by immature myelination of later developing tracts at the time of therapy, as an intact myelin sheath not only facilitates nerve impulse propagation, but also protects axonal fibers against noxious influences (81, 82) . We therefore believe that the higher FA and lower ODI at the centrum semiovale can be attributed to alterations in the SLF and/or CC. Interestingly, the FA of the SLF was earlier demonstrated to correlate with cognitive flexibility (83), as was the case in our survivors but less so in our control group. This discrepancy could be due to a reduction in crossing fibers in survivors, reestablishing the normal correlation between set shifting reaction time and dMRI measurements that gets obscured in this region for controls because of the multiple crossing fibers.
Our results suggest the left hemisphere to be more affected than the right. Neurobiologically, the left hemisphere demonstrates a higher connectivity status (84) and therefore has higher metabolic needs (85) . This might result in higher susceptibility of this hemisphere to aging and neurotoxicity (38, 79, 86) . Moreover, Waber et al. reported that age at treatment onset for leukemia patients was related to left hemisphere-vs right hemisphere-dominant deficits. More specifically, patients younger than 36 months at the start of treatment displayed more impairments in right hemisphere-dominant functions, whereas older children showed more deficits related to left hemisphere-dominant functions (87) , as is the case in our study. The mean age at diagnosis in our survivor cohort (ie, 6.4 years of age) confirms this observation.
We could not confirm the established vulnerability of younger children to chemotherapy (2, 11, 15, 21, 61, 64, 88) . However, the fact that the youngest children received a milder treatment resulting from a better prognosis might explain why we could not correlate age at start of therapy with imaging measurements. Nevertheless, the presumed vulnerability of the SLF and/or CC indirectly points to the importance of the maturation status of the brain at the time of chemotherapy. Also, we did not demonstrate the earlier established correlation between total intrathecal methotrexate dose and outcome (30, 32, 65) . This could be due to homogeneity in methotrexate doses.
To account for the interference of SES, this parameter was included as a covariate. Also, neurocognitive and imaging data were correlated at the subgroup level (ie, survivors or controls), as chemotherapy-induced brain alterations possibly result in two different populations. In that case, considering both cohorts as a homogenous group would not yield statistically significant findings. Additionally, stringent statistical correction might explain why we found only one region statistically significantly differing between controls and survivors in both DTI and fMRI measurements. Alternatively, subtle findings possibly imply a rather mild impact of chemotherapy on the developing brain after one or two decades, which is in accordance with earlier observations where nonirradiated survivors demonstrated more attenuated deficits than irradiated ones (9). To conclude, we confirm altered DMN connectivity in nonirradiated survivors of childhood leukemia, possibly explained by structural WM sequelae, as evidenced by altered FA and ODI values in the left centrum semiovale. Evidence from the literature and the correlation between imaging and neurocognitive results suggest the SLF and CC-passing through the centrum semiovale-to be especially at risk for chemotherapyinduced damage and indirectly confirm the vulnerability of the young brain to chemotherapy-induced neurotoxicity.
Future studies are needed to evaluate the clinical applicability of functional and structural brain connectivity to detect sequelae of chemotherapy during childhood.
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